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INTRODUCTION 
The use of laser generated ultrasound for the pulse-echo 
testing of carbon fibre reinforced polymer (CFRP) aerospace 
components is being established [1,2]. Our particular 
interest is in the possibility of using ultrasound 
propagating from the laser source along the component, as 
bulk or plate waves , as a means of testing a larger area for 
a single step in a scan. As part of an investigation into 
how laser generated pulses propagate in CFRP we have 
examined their propagation in a 40 ply, 5.5mm thick 
(300x300mm area) unidirectional plate. The plate was made 
from carbon fibre reinforced epoxy resin pre-preg (Enka Tenax 
HTA fibre; ICI 7716H epoxy resin). Plies were cut out by hand 
, laid up and then cured in a compression mould. 
This present study was confined to a single plane 
defined by the fibre and through thickness directions. This 
plane exhibits high anisotropy , giving rise to the full 
range of complex ultrasonic effects that may occur in testing 
components with laser ultrasound. Further if the identities 
of the ultrasonic modes can be established and their 
velocities measured the elastic constants for unidirectional 
CFRP could be calculated as proposed by Castagnede et al [3]. 
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EXPERIMENTAL METHOD 
The equipment used for this experiment is shown in 
Fig.1. The beam from a Lumonics Nd-YAG pulsed laser (A=1063 
nm , 40 mJ pulse energy) was focussed to a small diameter 
(0.5mm) spot on the sample by a lens. Laser pulses ablated 
both material from the sample and a thin smear of fluid 
applied prior to each shot to provide high amplitude 
ultrasonic pulses propagating in the sample. Although some 
surface damage resulted this enabled waveforms with a good 
signal to noise ratio to be recorded. To vary the source-
receiver separation the laser spot was scanned across the 
sample surface via reflection from a mirror mounted on a 
micrometer stage. 
A high-fidelity capacitive transducer with a small 
diameter (0.6mm) flat circular electrode was used to detect 
the normal motion of the surface. The second electrode of the 
capacitor was provided by a piece of aluminium foil (12 ~m 
thick) adhered to the plate surface with a thin layer of 
epoxy resin. A thin (10~m) polymer film was used as an 
insulating spacer between the electrodes. The detector was 
fixed at the centre of the plate on the opposite side to that 
irradiated by the focussed laser pulses. 
A Cooknell SU2jC was used to apply a 100V bias between 
the detector electrodes and amplify the charge variations 
generated by ultrasound arriving at the detector. The output 
from the Cooknell was digitised on a Data Precision 6000 and 
then transferred to an IBM PS2j70 for further processing. 
Waveforms were recorded for a set of source-receiver 
separations (X) which changed the angular direction (9) of 
source to receiver line from 0 to 75° (in 5° intervals) with 
respect to the through-thickness direction of the plate. 
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Fig.2 Waveform with receiver 
opposite source. 
EXPERIMENTAL RESULTS 
Fig.3 Waveform at 40° to 
through thickness. 
A typical waveform recorded with the source opposite the 
receiver is shown in Fig.2. This parallels data obtained 
from the same experiment on a plate of isotropic material. 
The initial delta shaped arrival (L) is the longitudinal wave 
followed by a slow rise in amplitude peaking at the arrival 
times (Sl and S2) of shear waves polarised parallel and 
perpendicular to the fibre direction. For the isotropic case 
there is one shear wave peak as the two polarisations have 
the same velocity. After this group (L,Sl&S2) there are a 
series of echoes with the same form as the initial group. The 
individual peaks of each echo are seperated from their 
counterpart in the initial group by the pulse-echo transit 
time for compression waves. This indicates that the majority 
of the shear waves mode convert to compression waves at the 
first reflection as for the isotropic case. Also present is 
a multi-cycle arrival (E) caused by electro-magnetic 
interference from the laser. 
Fig. 3 shows a waveform recorded with the source 
laterally displaced from the receiver. Emerging from the 
front of the echoes, present in Fig.2, are pulses moving with 
a higher velocity than the echoes. The echoes remain coupled 
together as a wave group travelling with lower velocity than 
the pulses. As the source moves further from the receiver 
the higher velocity pulses separate in time from the lower 
velocity group. 
DATA ANALYSIS 
Analysis Of Low Velocity Arrivals 
Calculating an apparent bulk velocity for the leading 
edge of the slow wave group along the shortest path from 
source to receiver is shown in Fig.4. Also reproduced on 
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Fig.4 Apparent bulk velocity 
of slow wave and bulk wave 
velocity predictions. 
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Fig.5 Apparent plate wave 
velocity of slow wave in 
thin and thick plates. 
Fig.4 is theoretical data of Rose et al [4] for the phase and 
group velocities of the quasi-shear (QS) and quasi-
longitudinal (QL) bulk waves in the anisotropic plane of a 
CFRP sample. The ultrasonic velocities in the sample of Rose 
et al [4] are only a few per cent from those of the sample 
in this experiment. For instance the compressional wave 
velocity across the fibre direction is 3058 and 2917 m/s in 
their sample and ours respectively. The velocities calculated 
by Rose et al [4] can thus be used to help establish the 
identity of the elements in our waveforms. 
On comparing the slow arrivals apparent bulk velocity to 
the predictions no close correlation over the full range of 
angle is found. Some sections of the shear wave surfaces 
follow the same shape over part of the range, but at too high 
(~15%) a value of velocity and at small angles they diverge 
from the measurement. Characterising the slow arrival as a 
bulk wave is thus unpromising. 
Treating the slow wave as a plate wave calculating an 
apparent velocity using the lateral separation (X) of source 
and receiver results in Fig.5. At short source-receiver 
separations the velocity is very low, but it climbs gradually 
to level out at 1.6mm/~S after a separation of 10mm. 
Repeating this experiment in a thin (lmm) plate of the same 
unidirectional CFRP yields waveforms which develop the same 
shape as a function of direction as in the thick plate. For 
instance Figs. 6 and 7 show the waveforms obtained for a 
direction of 75° to the through thickness direction in thick 
and thin plates respectively. The apparent plate wave 
velocity of the thin plates slow wave, shown in Fig.5, 
follows the same basic form as a function of source-receiver 
separation but the rise in velocity is accomplished over a 
shorter separation than in the thick plate. 
1212 
2 A 1 st OL direct B 1 st&2nd OS direct 
<!l 
.->:: 1 
§ HI 
C 1 st OL via reflection 
D 1 st OS via reflection 
E 2nd OS via reflection 
F 3rd OS direct C 0 
.3 
~-1 
o 
<1)-2 
u 
OJ 
~-3 
0. 
~-4 
G 3rd OS via reflection 
H OL direct 
I OL via reflection 
J OS direct & reflected 
-5+---.----r---.---.----.-~ 
2 7 12 17 22 27 32 
time (microseconds) 
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Fig.7 Waveform at 75°to 
through thickness in thin 
plate. 
The shape of the slow wave in the thin plate at large 
source-receiver separations identifies it as the lowest order 
antisymmetric (Ao) plate wave. It develops the form 
characteristic of the Ao mode with high and low frequency 
components arriving at short and long times respectively (see 
Fig.2, Scudder and Hutchins[5]). In Fig.8 the group velocity 
curves calculated for So and Ao plate waves propagating along 
the fibre direction are shown. Elastic constants used in this 
calculation were derived from tensile tests of the CFRP from 
which the sample is constructed. The lowest order modes are 
predicted to travel for large frequency-thickness products at 
1.62mm/~S which is close to that of the first slow wave 
arrival for large source-receiver separations. In principle 
higher order plate waves could also be generated; but as the 
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Fig.8 Group velocity dispersion curves for So and Ao plate 
waves 
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form of the slow wave is maintained as it moves along the 
plate it would not appear to be an interference between many 
modes. 
The similarity in shape and velocity development between 
the slow waves in thin and thick plates; identification of 
the thin plate slow wave as the Ao plate wave and the 
correspondance of the plateau velocities with that calculated 
for the lowest order plate waves, point to the thick samples 
slow wave being one or more of the low order plate waves. 
Analysis Of High Velocity Arrivals 
The ultrasonic signals revealed as the slow wave moves 
to greater arrival times are discrete pulses separated by 
time gaps. This contrasts with the extended multi-cycle form 
of the high velocity mode generated by a laser in thin carbon 
fibre plate (Fig.2, Scudder and Hutchins[5]). 
Examining the velocity of the first of these arrivals 
more closely and interpreting it as if it were a plate wave 
gives a velocity as a function of source-receiver separation 
as shown in Fig.9. This does not have the form of velocity 
development one would expect of the leading edge of a plate 
wave group for it does not rise to a constant velocity in a 
short distance as in Fig.5. Instead the data of Fig.9 
continues to rise showing little tendency to level off and so 
characterising the first arrival as a low order plate wave is 
also unpromising. An explanation of the first arrival in 
terms of higher order plate waves may be possible. However 
the simple, discrete and consistent form of the first pulse 
with changes in source-receiver separation and the 
correlation with bulk velocity obtained below do not indicate 
this. 
Calculating the apparent bulk velocity for the fast wave 
arrival gives the data of Fig. 10. which also shows the bulk 
velocities predicted by Rose et al.[4]. The first arrivals 
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velocity of first arrival. 
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Fig .10 Apparent bulk velocity 
of first arrival and predicted 
bulk wave velocities. 
velocity is most closely matched over the angular range by 
the group velocity of the quasi-longitudinal wave. The other 
predictions offer a lower correlation to the velocity of the 
first arrival. 
The situation in separating out and identifying the 
velocities of other fast arrivals is not as clear cut. For 
angles up to 35° much of the first pulse is masked by 
the retreating slow wave and the separate arrivals which 
appear to make up the pulses are very close to one another. 
However, at 75° where the slow wave has moved away revealing 
many of the fast arrivals a comparison can be made between 
the pulse arrival times and those predicted (on a direct path 
and via reflection at each surface) using the velocities of 
Rose et al[4]. These times are marked on Fig.6 with A-G and 
H-J calculated with the group and phase velocities 
respectively. By visual inspection we find that the 
correlation between the times and the pulses is best using 
the group velocity. Using the phase velocity the 
correspondence is far poorer with there being insufficient 
number of predicted times to cover the observed pulses. Those 
present also fail to predict the arrival time of the second 
pulse group which arrives at about 9MS. 
CONCLUSION 
The waveforms we have obtained show an ablative laser 
ultrasonic source generates, in the anisotropic plane of a 
thick CFRP plate, a mix of ultrasonic modes. The arrival 
times of the two major waveform elements have been 
interpreted both in terms of apparent bulk and plate wave 
velocities. Comparison of these to theoretical and 
experimental data to date points to the presence, over the 
source-receiver separations used, of low order plate waves 
and bulk waves travelling with the group velocity. 
Further work to confirm the identities of the modes and 
measure their velocity to obtain elastic constants for the 
material using theories of Dean[6] (plate waves) and Every 
and Sachse [7] (bulk waves group velocity) is planned. 
Methods to suppress plate waves so the bulk wave phenomena 
can be studied in more detail will also be investigated. 
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